Abstract-Proportional Integral Derivative, PID control is one of the earlier control strategies and most widely used controller for industries. A nonlinear technique, Mamdani structure was used for the bioreactor Simulink model. The fuzzy logic and its structure of the controller were adopted to set the fuzzy logic input member function. The fuzzy logic controller automatically tuned the PID controller, using an existing complex mapping function to generate the suitable values for the bioreactor process plant.
I. INTRODUCTION
The bioreactor is the heart of any biochemical process in which enzymes, microbial, mammalian, or plant cell systems are used for manufacture of a wide range of useful biological products [1] . Bioreactors can broadly be defined as a vessel, deployed to utilize the activity of a biological catalyst to achieve a desired chemical transformation.
Bioreactor generally provides a biomechanical and a biochemical environment that controls nutrient and oxygen transfer to the cells and metabolic products from the cells [2] .
The sizes of the bioreactor can vary widely from the microbial cell (few mm 3 ) to shake flask (100-1000 ml) to laboratory scale fermenter (1 -50 L) to pilot level (0.3 -10
3 ) to plant scale (2 -500 3 ) for large volume industrial applications (ncsu.edu/biosucceed/courses/).
There are several aspects of biotechnological processes, which require special attention in designing a bioreactor. The reaction rate, cell growth, and process stability depend on the environmental conditions in the bioreactor. The bioreactor's conditions like gas (air, oxygen, nitrogen, and carbon dioxide) flow rates, temperature, pH and dissolved oxygen levels and agitation speed/circulation rate, foam production, etc. Need to be closely monitored and controlled [3] .
Cohen-Coon method is one of the several ways in determining the values to be used for proportional, integral and differential parameters in controllers. It is another version of Ziegler-Nichols PID tuning method. This method is based on delayed first order and tuning of PID gains to achieve a good response. It is more sensitive than Ziegler-Nichols method [4] .
Referring to the FOPDT model, a = kL/T and t = L / (L +T), the controller parameters can be designed through the Lotfi A. Zadeh initiated fuzzy theory in 1965 when he introduced the concept of fuzzy sets. After the introduction of fuzzy sets Zadeh proposed the concept of fuzzy algorithms in 1968 and fuzzy decision making in 1970 [5] . However, the paper, which established the foundation for control, was published in 1973. Fuzzy logic comes in when conventional logic fails. Fuzzy logic can deal with virtually any proposition expressed in natural language [6] .
In non-adaptive fuzzy control, the controller is static, which means that the structure and parameters of the fuzzy controller are fixed and does not change during real-time operation. In adaptive control the fuzzy controller is dynamic with changes to its structure and parameters during real time operation. In terms of complexity non-adaptive controllers are simpler than adaptive controllers but they require more knowledge of the process for controller development. The opposite is true for adaptive controllers as it will start with an initial fundamental controller and then adapt in the learning process [7] .
The Self-tuning fuzzy PID controller, which takes error "e" and rate of change-in-error "ė" as the input to the controller makes use of the fuzzy control rules to modify PID parameters on-line. The self-tuning of the PID controller refers to finding the fuzzy relationship between the three parameters of PID, Kp, Ki, and Kd and "e" and "ė", and according to the principle of fuzzy control modifying the three parameters in order to meet different requirements for control parameters when "e" and "ė" are different and making the control object produce a good dynamic and static performance [8] .
Selecting the language variables of "e", "ė", Kp, Ki, and Kd is choosing seven fuzzy values which are "negative big", "negative medium", "negative small", "zero", "positive small", "positive medium" and "positive big". Here (NB, NM, NS, ZO, PS, PM, PB) represents the set of linguistic values which respectively represent "negative big", "negative medium", "negative small", "zero", "positive small", "positive medium" and "positive big". The region of An Improved Performance of Fuzzy Logic Based Controller Design for Bioreactor Process Plant Daniel A. Oladele, Farouq E. Shaibu these variables, in this case, is taken to be {-3,-2,-1, 0, 1, 2, 3}. Fig. 1 shows the block diagram of a Fuzzy PID controller. As it can be seen from the block diagram, the fuzzification takes two inputs (e and ė) and gives three outputs (Kp, Ki, Kd) [9] . The set of linguistic rules is the essential part of a fuzzy controller. In many cases it's easy to translate an expert's experience into these rules and any number of such rules can be created to define the actions of the controller. In the designed fuzzy system, conventional fuzzy conditions and relations such as:-"If e is A and ė is B, then Kp is C, Ki is D and Kd is E." are used to create the fuzzy rule table [7] .
If the system model cannot be physically derived, experiments can be performed to extract the parameters for the approximate FOPDT model. For instance, if the step response of the plant model can be measured through an experiment, the output signal can be recorded, from which the parameters of K, L and T (or a, where a = kL/T) can be estimated by a simple approach.
The S-shaped reaction curve can be characterized by two constants, delay time L and time constant T, which are determined by drawing a tangent line at the inflection point of the curve and finding the intersections of the tangent line with the time axis and the steady-state level line. Using the parameters L and T, the values of KP, KI and KD can be set according to the formula shown in the Table III [11] .
These parameters will typically give a response with an overshoot of about 25% and a good settling time. Fine-tuning of the controller can then start using the basic rules that relate each parameter to the response characteristics.
II. METHODOLOGY

A. Fuzzy Logic Controller
There are two types of rule structure: Mamdani and Takagi-Sugeno type. The Mamdani type fuzzy logic controller, which is the type applicable with the nonlinear technique, was used for the bioreactor Simulink model. Fig. 2 shows the Diagram of the Fuzzy PID Controller used.
Fig. 2. Fuzzy PID Controller
The non-adaptive fuzzy control was used and the rules were set based on a set of if-else conditions. Details can be seen in the Fig. 3 and Fig. 4 .
The fuzzy logic controller was designed using the following steps:
1. The inputs were defined in the Fuzzy Logic toolbox and the structure of the controller in Fuzzy Logic toolbox window, as shown below; Fig. 3 . Fuzzy Logic Toolbox Designer Viewer 2. The Fuzzy Logic input member function was defined and its viewer is shown in Fig. 4 . Fig. 4 . Fuzzy logic input member function 3. After the input and membership function were defined, the Fuzzy Logic controller automatically tuned the PID controller using some complex mapping functions to give the values shown in Table  III . Fuzzy logic system was simulated. The Gain margin shows that the nonlinear technique is effective and that the output will remain stable. 
IV. CONCLUSION
This paper focuses on improving performance of fuzzy logic based controller design for bioreactor process plant. An improved fuzzy logic based controller controlled the developed bioreactor model, using MATLAB, and the results show that for the set conditions, the fuzzy logic gives suitable results with a stable output.
ACKNOWLEDGMENT
We sincerely appreciate the experts who have contributed towards the success of this research work. Also, a very special gratitude goes out to my supervisor Dr. Isaac Olu Megbowon for taking time out from his busy schedule to guide me thoroughly in his wealth of wisdom, experience and knowledge and see to the success of this research.
